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Abstract

In this paper, two types of wideband 3-dB ring hybrids are compared and discussed to show the ring hybrid with
a set of coupled-line sections better. However, the better one still has a realization problem that perfect matching can
be achieved only with —3 dB coupling power. To solve the problem, a set of coupled-line sections with two shorts
is synthesized using one- and two-port equivalent circuits and design equations are derived to have perfect matching,
regardless of the coupling power. Based on the design equations, a modified //-type of transmission-line equivalent
circuit is newly suggested. It consists of coupled-line sections with two shorts and two open stubs and can be used
to reduce a transmission-line section, especialy when its electrical length is greater than . Therefore, the 3 1/4
transmission-line section of a conventiona ring hybrid can be reduced to less than 7 /2. To verify the modified //-type
of transmission- line equivalent circuit, two kinds of simulations are carried out; one is fixing the electrical length of
the coupled-line sections and the other fixing its coupling coefficient. The simulation results show that the bandwidths
of resulting small transmission lines are strongly dependent on the coupling power. Using modified and conventional
[1-types of transmission-line equivalent circuits, a small ring hybrid is built and named a compact wideband cou-
pled-line ring hybrid, due to the fact that a set of coupled-line sections is included. One of compact ring hybrids is
compared with a conventiona ring hybrid and the compared results demonstrate that the bandwidth of a proposed
compact ring hybrid is much wider, in spite of being more than three times smaller in size. To test the compact ring
hybrids, a microstrip compact ring hybrid, whose total transmission-line length is 220°, is fabricated and measured. The
measured power divisions(Sx, Su, S3 and Sig) are —2.78 dB, —3.34 dB, —2.8 dB and —3.2 dB, respectively at a
design center frequency of 2 GHz, matching and isolation less than —20 dB in more than 20 % fractional bandwidth.
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1. Introduction

The ring hybrids are indispensable and fundamental
components which can be used for various applications
such as balanced amplifiers, balanced mixers, multipli-
ers, phase shifters and attenuators, power amplifiers, an-
tenna feeding networks and so on. Since the first ring
hybrid was introduced in 1947 by Tyrrel ™, a number
of engineers discussed performance and realization of
the ring hybrids®™. However, the conventional ring
hybrid, consisting of only transmission-line sections, is
inherently of narrow bandwidth and large in size. To
overcome this disadvantage, S. March¥ suggested a wi-
deband ring hybrid having a set of coupled-line sections
but the problem still remained: perfect matching can be
achieved only with —3 dB coupling coefficient. The
ring hybrids suggested by S. March will be named cou-
pled-line ring hybrids, hereafter. However, the cou-
pled-line sections with —3 dB coupling coefficient can
not be easily realized and many efforts have been done
to solve this problem; using broadside® and vertical
coupling®, uniplanar structures” ™, |eft-handed trans-
mission-line section™ and so on. However, the left-
handed transmission-line section should be realized with
lumped elements, multisections are used for wideband
performance®, and in any case where the coupled-line
sections are used, —3 dB coupling is not changed™#
09 for perfect matching.

To get compact ring hybrids, two design methods
have been applied; using arbitrary transmission-line sec-
tions "™ and transmission-line equivalent circuits
M4 However the compact ring hybrids designed by
the first method are perfectly matched at a frequency
where transmission-line sections become 90°. Therefore,
size reduction effect can not be expected. For the se-
cond method, Iumped-element™® ™ 77-typd ™= or
T-type of transmission-line equivalent circuits are used.
However, in the T-type of equivalent circuit, the charac-
teristic impedance of transmission-line section becomes
very high with small size reduction. Using the lumped-
element equivalent circuit, the bandwidth of resulting
small transmission lines is very small. The conventional
I1-type of transmission-line equivalent circuit can be
used only when the transmission-line length is less
than ~.

In this paper, a wideband coupled-line ring hybrid is
compared with a ring hybrid having a left-handed trans-
mission-line section™ and the compared results show
that the coupled-line ring hybrid is better in any case.
The coupled-line sections of the ring hybrid is a kind
of impedance transformer™™ and can be obtained from
a four-port directional coupler for impedance transfor-
ming, very recently introduced™®. However, in this
case, perfect matching can be achieved only with —3
dB coupling. To have perfect matching with any cou-
pling coefficient, the coupled-line sections with two
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shorts are synthesized using one- and two-port equiva-
lent circuits and design equations are derived to design
and fabricate the wideband coupled-line ring hybrids in
planar structure, without any restriction of coupling
power.

Also, to reduce the ring hybrid size more, modified
II-type of transmission-line equivalent circuit is newly
proposed based on the design equations of the cou-
pled-line sections with two shorts. The modified equi-
valent circuit can be used for any transmission-line sec-
tion whose electrical length is greater than 7 and the-
refore the 3 A/4 transmission-line section of a ring hy-
brid can be reduced more. Using both modified and
conventional /7-types of equivalent circuits, compact
wideband coupled-line ring hybrids are newly const-
ructed and one of them is compared with the conven-
tional ring hybrid in terms of power division. The com-
pared results demonstrate that the compact ring hybrid
proposed in this paper shows more bandwidth in spite
of being three times smaller in size. To test the compact
ring hybrids, one microstrip ring hybrid is fabricated
and measured. The measured power divisions(Su, Su,
S and Si) are —2.78 dB, —3.34 dB, —2.8 dB and
—3.2 dB, respectively at a design center frequency of
2 GHz and matching and isolation less than —20 dB
in more than 20 % fractional bandwidth.

This paper is constructed with six sections. Section
| gives brief introduction of conventional wideband ring
hybrids and contents of this paper. Section Il compares
conventional wideband ring hybrids to know which one
has better performance and which problem the better
one has. In section III, coupled-line sections with two
shorts are synthesized to solve the problem, that is, to
realize them without any restriction of coupling power.
In section IV, using the design equations of the cou-
pled-line sections with two shorts, wideband coupled-
line ring hybrids are simulated to show perfect matching
can be achieved, independently of coupling power. Th-
en, to reduce the ring hybrid size more, a modified I/
-type of transmission-line equivalent circuit is newly
proposed and how to get compact wideband coupled-
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line ring hybrids is discussed in section V. Finaly, this
paper concludes with section VI.

II. Conventional Ring Hybrids
2-1 Conventional Ring Hybrids

Three 3-dB conventional ring hybrids terminated in
equal impedances Zo are depicted in Fig. 1. The con-
ventional ring hybrid in Fig. 1(a), consisting of three A
/4 transmission-line sections and one 3 A/4 transmi-
ssion-line section, is inherently of narrow bandwidth
and large in size. The shortcoming is mainly due to that
the bandwidth, where A/4 and 3 A/4 transmission-line
sections have 180° phase difference, is very narrow. To
increase the bandwidth, that is, to have 180° phase
difference in wider bandwidth, the 3 A/4 transmission-
line section is replaced by a set of coupled-line sections
with two shorts or a left-handed transmission-line sec-
tion, as described in Fig. 1(b) and (c), respectively. Be-
cause of the reason, the ring hybrid in Fig. 1(b) is na-
med “a coupled-line ring hybrid” and that in Fig. 1(c)

(@) A ring hybrid with a 3 A/4 transmission-line section
between ports @ and @

(b) A coupled-line ring hy-
brid brid

Fig. 1. Conventiona ring hybrids.

(c) A left-handed ring hy-



“a left-handed ring hybrid.” However, the two ring hy-
brids have realization problems; in the coupled-line ring
hybrid in Fig. 1(b), the perfect matching can be achie-
ved only with —3 dB coupling coefficient, and the
left-handed transmission-line section may be realized
only with lumped-elements which may cause unwanted
frequency performance.

2-2 Conventional Wideband Ring Hybrids

To compare the two ring hybrids in Fig. 1(b) and (c),
the two are simulated at a center frequency of 1 GHz
and the simulation results are plotted in Fig. 2. In this
case, the even- and odd-mode impedances of the cou-
pled-line sections in Fig. 1(b) are 171.4 Q and 29.3Q,
respectively when Zo is 50 Q. The power excited
at port @ or @ in Fig. 1 is divided equally between
ports @ and @ and isolated from port @ or @,
respectively. The divided waves are in phase or out of
phase, depending on the input port chosen. Considering
these points, the ratios of S to Sy and S3 to Sy, and
phase differences of [£Sx—<Su| and [£Ss—<Sy
are plotted in Fig. 2 where solid lines indicate the
frequency responses of the coupled-line ring hybrid and
the dotted ones are those of the left-handed ring hybrid.

In 100 % fractional bandwidth, Sz1/S4 of the cou-
pled-line ring hybrid exists from 0 dB to 0.567 dB and
Sx/Sss from 0 dB to 0.724 dB as shown in Fig. 2(a).
On the other hand, in the left-handed ring hybrid,
$,1/Su exists between 0 dB and 0.9 dB and S3/Sas
from —0.9 dB to 0 dB as displayed in Fig. 2(a). The
less power division ratios, the better. Therefore, the
coupled-line ring hybrid is better than the left-handed
ring hybrid in terms of power divisions.

In phase responses in Fig. 2(b), out-of-phase res-
ponse, |£Sxn—<Su| of the coupled-line ring hybrid
exists between 170.4° and 188.3° while that of the
left-handed ring hybrid between 137.6° and 228.3°. In
Fig. 2(c), in-phase response, |£Sx—<Ss| of the cou-
pled-line ring hybrid is between 0° and 9.4° and that of
the left-handed ring hybrid between 0° and 25.66°. Sin-

Compact and Wideband Coupled-Line 3-dB Ring Hybrids

Table 1. Simulation results within a 100 % fractional
bandwidth(CPL and LH stand for coupled-
line and left-handed ring hybrids, respecti-

vely).
dB( S21/S41) dB(S2s/43)
CPL 0~0.567 dB 0~0.724 dB
LH 0~0.902 dB —0.902~0 dB
|£Sy - £Sy |£S3 - 454
CPL 170.4~188.3° 0~94°
LH 137.6~228.3° 0~25.66°

ce the ideal phase differences of |£S:—<Sy| and
£S5~ £Sy| are equal to 180° and 0°, respectively,
the coupled-line ring hybrid is much better than the
left-handed ring hybrid in terms of phase response.
Exact simulation results are written in Table 1 where
the coupled-line ring hybrid show the better performan-
ce than those of the left-handed ring hybrid, in every
point.

Even though the performance of the coupled-line ring
hybrid is much better than that of the left-handed ring
hybrid in every point, how to realize high even-mode
impedance of 171.4 Q and low odd-mode impedance of
29.3 Q in microstrip technology is a big problem. To
solve the problem, the coupled-line sections with two
shorts connected between ports D and @ in Fig. 1(b)
will be discussed in more detail.

[I. Coupled Lines with Two Shorts

3-1 Coupled Lines with Two Shorts

As discussed in the literatures™™ | the coupled-line
sections with two shorts connected between ports @D
and @ in Fig. 1(b) is used as an impedance transformer
to transform 2Z, into Zo, when power is fed into port
@. The coupled-line sections with two shorts may be
derived from a four-port impedance transforming direc-
tional coupler discussed in the literatures™®. The di-
rectional coupler for an impedance transformer and a two-
port coupled-line sections with two shorts are depicted
in Fig. 3(a) and (b), respectively where an input-im-
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Fig. 2. Two wideband ring hybrids are compared and
CPL and LH indicate coupled-line and left-
handed ring hybrids, respectively.

pedance Zi,, looking into the coupled-line sections
terminated in Z_ at port (), is indicated in Fig. 3(h).

When ©=7/2 in Fig. 3(a), the power excited at port
@ is coupled to port @ with a certain coupling power

866

and the remainder of the input power is delivered to
port @. Theoretically, no power is delivered to port (3),
which is called an isolated port. In this case, the even-
and odd-mode impedances®™? are

1+C

Zoe=+/Z,Z

Oe re=L 1-C (13)
1-C

Zoo =42, Z

00 r<L 1+C (1b)

where C is a coupling coefficient.

Terminating ports @ and @ in Fig. 3(a) in two
shorts results in the coupled-line sections with two
shorts in Fig. 3(b). Applying the short boundary condi-

tion gives its admittance matrix as
— J YOLZYOO(:ot@

s
_ ] Y00 ;YOe cscO® — ] YOe"z'YOo cot®

_ ] YOo ;YOe csc®

(2

where Yoe =YZge, Yoo =YZo, and a pure TEM (trans-
verse electromagnetic) propagation is assumed.

Based on the admittance matrix in (2), the scattering
parameters of coupled-line sections in Fig. 3(b) are

derived as
Yok I
Zl | oo 1
[ [S) {
Zr ZOE, ZUD Zj

(@) Directional coupler

ZOQ,ZOO ZL

(b) Coupled-line sections with two shorts

Fig. 3. Impedance transforming directiona coupler and
coupled-line sections with two shorts.



1
Sy = B[(YOO _YOe)Z sec’ @ - (YOe +Y00)2 -

4Y, Y, tan? @ - j2(Yo, + Yoo ) (Y, — ;) tan @]  (3q)

1
Sy = B[(YOO _YOe)2 sec’ @ - (YOe +Y00)2 -

A, Y tan® O+ j2(Yo, + Yoo )Y, — Y, ) tan®]  (3h)
_1 . _ - 2
S21 - D[ J4Yr (YOO YOe)SmeseC @] (3C)

where D = (Yoe + Yoo ) - (Yoo — Yoe ) sec? @
—AY,Y, tan® O+ j2(Ye + Yoo Y, + Y, )tan® |
Y :1/Zr and VL ZI/ZL .

Using the calculation results in (3), the coupled-line
sections with two shorts were simulated by use of a
mathematical software Matlab 6.1 and simulation results
are plotted in Fig. 4 where the termination impedances,
Z, and Z_, are 50 & and 100 S, respectively. De-
pending on the coupling coefficients, coupling charac-
teristics are classified as critical coupling(C=—3 dB),
over coupling(C>—3 dB) and under coupling(C<—3
dB)™. Fig. 4 shows that perfect matching appears only
with the critical coupling, and that ripples with no
perfect matching exist in the over coupling case. The
power excited at port O in Fig. 3(b) is transmitted into
port @, and how much power can be transmitted is
dependent on the coupling structure. In order that the
perfect matching at a design center frequency can be
achieved regardless of the coupling coefficient, design
equations will be derived using one- and two-port
equivalent circuits.

3-2 One-Port Equivalent Parallel Resonant Circuit

How much power excited at port D in Fig. 3(b) can
be transmitted into port @ is dependent on the coupling
structure. So, the coupled-line sections terminated in
Z_ in Fig. 3(b) may be equivalent to a one-port pa-
rallel resonant circuit™ as described in Fig. 5 where in-
put impedance and input reference impedance Zi, and
Z, are indicated.

The input impedance Z»'® in Fig. 3(b) and Fig. 5

Compact and Wideband Coupled-Line 3-dB Ring Hybrids

Insertion Loss [dB]
&
T

45° 90° 135° 180°
Degree ( &)
(@) Insertion loss

Return Loss [dB]

45° 90° 135° 180°
Degree (@ )
(b) Return loss

Fig. 4. Simulation results of the coupled-line sections
with two shorts(C is coupling coefficient).

ZN?
O
p
-
@ ‘RGEEv LO Co ::
P
L

Fig. 5. One-port equivalent paralel resonant circuit.

is calculated by use of the following equation;

-1
o Y.V,
20 =¥,] [Y
Y22 +Y|_

(4)

which gives frequency dependent R,, L, and C, in
Fig. 5 as follows;

Y o-c?)+y, cot?0
Y,Y.C?csc? © (53)

Ro

for cot®@>0
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e —c?| [ * ot
° 1-c? | dn’e (5b)
3
[5-c7)
wl

0

B Y, /Y.Y, cotO[Y, cot? ©+Y, (1-C?)] (5¢)
for cot®@<0

Y Y Y, cot@y, cot? @+, (1-C?)]

=)

0

(5d)

o { F} in’o
° Y.Y, | C?cot® (5¢)
The input impedance Zi, may be displayed on an
impedance Smith chart and Fig. 6 illustrates coupling to
a parallel resonant circuit. In this case, Z, =50 &2 and
Z, =100 S in Fig. 3(b) are fixed, and coupling co-
efficient and electrical length © are varied as shown
in Fig. 6. The input impedance loci cut the real axis
two times, and when ©=7/2, the input impedance
normaized to Z, is exactly unity with the critical
coupling but the two others are more or less than unity.
It means that a perfect matching appears only with the
critical coupling; these results coincide with those in
Fig. 4. For any set of coupled-line sections with two
shorts in Fig. 3(b) to have perfect matching, regardless

Length[0° < © < 180°]

Fig. 6. Input impedances are illustrated on an impe-
dance Smith chart depending over, critical and
under coupling.
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of the coupling coefficient, the even- and odd-mode
impedances need to be modified in such a manner that
the over- coupled input impedances are increased and
those of the under coupled ones are decreased. When
©=7/2 in (5), only R, appears and its value is
1-c?
c? (6)

From (6), R, is Z. when C=1/2 (critical coupl-
ing), which agrees with the simulation results in Figs.
4 and 6. For the coupled-line sections to be perfectly
matched at a design center frequency with any coupling
coefficient, the even- and odd-mode impedances should
be modified so that the value of R, is dways Z;, re-
gardless of the coupling coefficient. The Z, in (6) co-
mes from the even- and odd-mode impedances in (1)
and can be modified to have a constant value of input
impedance. The solution for this is to replace Z; in (1)
by Z,[C?/@-C).

In such a manner, the modified even- and odd-mode

R, =2,

impedances Zge and Zg, are derived as

m_ C 55—
ZOe - 1-C ZrZL (73)
Z& =L,l2 4

% eV (7b)

With Zge and Zgp, the input impedance Zi, aways
becomes R, =Z, at resonant frequency, that is, at a
center frequency, regardless the coupling coefficient.

3-3 Two-Port Equivalent Circuit

A et of coupled-line sections with electrical length
0 and termination admittances Y, and Y. in Fig. 3(b)
may be equivalent to a circuit, consisting of a transmi-
ssion-line section with electrical length z+© and two
stubs as depicted in Fig. 7 where the characteristic ad-
mittances of transmission-line section and stubs are
(Yoo —Yoe)/2 and Yoe, respectively. When © =72, on-
ly the transmission-line section is connected between
the two termination admittances and should be a quarter
wave admittance transformer. Therefore, its characte-
ristic admittance is a geometric mean value of the two



— T E

short

Fig. 7. Two-port equivalent circuit of coupled-line sec-
tions with two shorts.

termination admittances and related with the coupling

coefficients??, So, the relative relations are given as
YOo _YOe —

7 v (8a)

1+C

Yoo = 1-¢c Yo (8b)

The even- and odd-mode admittances satisfying (8)
are different from the original ones in (1) and calculated
as

m_1-C

YOe - C YrYL (9&)
m_1+C

YOO - C YrYL (gb)

which are the same as those in (7).

As shown in the equivalent circuit in Fig. 7, the tr-
ansmission-line section can considered as a circuit whe-
re a transmission-line section with © is connected with
a frequency independent 180° phase shifter. Therefore,
A/4 transmission-line section and 4/4 coupled-line sec-
tions in Fig. 1 can have 180° phase difference in wider
frequency band. That is the reason the coupled-line
ring hybrid in Fig. 1(b) can have wideband performan-
ce.

3-4 Coupled-Line Section Measurements

To verify the design equations in (7) and (9), a mi-
crostrip coupled-line sections with two shorts terminated
in 100 Q and 50 & was fabricated on a substrate(H
=0.76 mm and & =3.4) and tested at a center frequ-
ency of 2 GHz. Table 2 gives Zge and Zge depending
on the coupling coefficient where the even- and odd-

Compact and Wideband Coupled-Line 3-dB Ring Hybrids

mode impedances with —3 dB coupling coefficient are
1714 Q and 29.3 Q, respectively, which are almost
impossible to realize with two-dimensional microstrip
lines.

For the measurement, a microstrip coupled-line sec-
tions with c=—7 dB was fabricated and its even- and
odd-mode impedances are Zge=57.1 Q and Zg, =218
§ as given in Table 2. The even- and odd-mode
impedances required above can be realized without any
problem using a stand PCB(printed circuit board) tech-
nology but an easy method, with which the odd-mode
impedance can be fabricated in a school, will be intro-
duced.

The even-mode impedance of 57.1 & can be rea-
lized without any problem, but the odd-mode impedance
is somewhat difficult because the given substrate has a
low dielectric constant. Therefore, a three-dimensional
structure or a set of three coupled-line sections is need-
ed to get the odd-mode impedance. In our case, the
three-dimensional structure™™ was used.

If a TEM propagation of two coupled transmission
lines is assumed, then the characteristics of coupled
transmission lines can be completely determined from
capacitances and propagation velocities on the trans-
mission lines. Two-dimensional capacitance equivalent
network of a pair of coupled transmission lines is sh-
own in Fig. 8(a) where C, represents the capacitance
per unit length between the two conductor lines in the
absence of the ground conductor, while C;; and Cx
denote the capacitances per unit length between one
conductor and ground, in the absence of the other
conductor line. If the coupled transmission lines are
identical in size, then C1=Cx. For the even-mode
excitation, no current flows between the two trans-

Table 2. Even and odd-mod impedances with Z, =
100 Q and Z_ =50 Q.

c | 3| 5| 7] -9 | -1
Zn (9] | 1714 | 909 | 571 | 389 | 278
Z0 (9] | 293 | 255 | 218 | 185 | 155
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(a) Side view of a two-dimensional equivalent capacitance
network

2C,

conductors

(b) Side view of a three-dimensional equivalent capaci-
tance network

(c) Fabricated microstrip coupled lines with two shorts

Fig. 8. A microstrip coupled lines with two shorts
terminated in 100 & and 50 Q and genera
coupled lines.

mission lines, which leads to C;,=0. The resulting
capacitance of either line to ground is Co=C;; =Cyp
and its even-mode impedance Zo is e /Ce , where
e and 4 are permittivity and permeability of a sub-
strate, respectively. For the odd-mode excitation, the
electric field lines have an odd symmetry about the
center line and a voltage null exists between the two
transmission lines. So, its resulting capacitance of either
line to ground is C, =Cy;+2C;, and the odd-mode im-
pedance Zoo is e« /Co. As mentioned above, the
even- and odd-mode impedances are proportional to the
square root of a substrate dielectric constant and if the
odd-mode capacitance is too hig, that is, a tight cou-

870

pling, the odd-mode impedance is not easy to redlize.

To realize the low odd-mode impedance with three-
dimensional structure as shown in Fig. 8(b), a pair of
coupled transmission lines, with which only a required
even-mode impedance can be redlized, is first fabricated
with a space of h, here h is an assumed thickness of
a given substrate. Then, the width w, of a conductor
vertically constructed in Fig. 8(b) is determined to have
the required odd-mode impedance. In this case, the
even-mode impedance is connected in parallel with the
impedance produced by the vertical conductor.

Design data for the microstrip coupled-line sections
with C=—7 dB are given in Table 3 where Z; isa
characteristic impedance of a quarter wave impedance
transformer to transform 100 &2 into 50 &. For the
given substrate, a pair of coupled transmission lines is
first realized, fixing its space at the thickness of the
given substrate in order that only the even-mode impe-
dance of 57.1 Q can be obtained. For the odd-mode
excitation, since a voltage null exist between two cou-
pled transmission lines, the even-mode impedance of
57.1 Q is connected in paralel with an impedance pro-
duced between a vertically constructed conductor and
the voltage null between the two coupled lines. This

results in the required odd-mode impedance Zy," =21.8
2. Therefore, the impedance produced from the ver-
tical conductor is 35.3 Q, symbolized as a marked Z,
in Table 3. The characteristic impedance of Z, is ea-
sily realized using a commercial simulation tool but an
important point is its effective thickness is half of the

Table 3. Fabrication data for a microstrip coupled li-
ne with two shorts.

Z, =100 Q, Z, =50 Q, Zr =70.71 Q,
substrate(H=0.76 mm and €r =3.4)

We =1.34 mm, /=229 mm,
Zoe" =511 Q e 076
7 M g 9 Z,=33 Q —
G0 e W, =1.407 mm, ¢=22.9 mm

Z7 :w=0.895 mm, ¢=23.28 mm
50 Q:w=1.678 mm
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Frequency[GHz]

Fig. 9. Results measured and simulated are compared.

given substrate thickness. In this way, the microstip
coupled transmission lines were fabricated as shown in
Fig. 8(c). Fig. 9 compares the measured and predicted
results and they show good agreement between them.

IV. Wideband Coupled-Line Hybrids

Using the analyzed coupled lines, wideband coupled-
line ring hybrids can be realized without any restriction
of coupling coefficient. As mentioned before, the cou-
pled-line sections between ports D and @ in Fig. 1(b)
is a kind of impedance transformer to transform 100 &2
into 50 Q, when Z,=50 Q. Therefore, the data given
in Table 2 may be used and severa coupled-line ring
hybrids are compared in terms of port ) excitation.
The compared results are plotted in Fig. 10 where per-
fect matching at a center frequency is achieved regar-
dless of the coupling coefficients and the bandwidth is
proportional to the coupling power.

V. Compact Wideband Coupled-Line Ring Hybrids
5-1 Small Transmission Lines

The coupled-line and left-handed ring hybrids in Fig.
1(b) and (c) are somewhat smaller than the conventional
ring hybrids in Fig. 1(a) but they are till large in size.
To reduce the size of ring hybrids, transmission-line
sections are required to be reduced. For this purpose,

Compact and Wideband Coupled-Line 3-dB Ring Hybrids

-2 — —

[4B] o L
3k ; ; ‘ ;

4

Frequency[GHz]
Fig. 10. Severa coupled-line ring hybrids.

conventional 7/-type of transmission-line equivalent
circuit was suggested but it can be used only when its
electrical length is less than 7. To reduce the size of
ring hybrids more, modified //-type of transmiss-
ion-line equivalent circuit is newly suggested. It can be
used to reduce the 3 A/4 transmission-line section of a
conventional ring hybrids to less than 7 /2. Transmi-
ssion-line sections with characteristic impedance Zo,
their conventional and modified //-types of transmi-
ssion-line equivalent circuits are depicted in Fig. 11
where © and ©. are less than 7 and 7/2, respecti-
vely. Therefore, the equivalent circuit in Fig. 11(b) is
used when @<~ and that consisting of coupled-line
sections in Fig. 11(d) for transmission-line sections with
more than .

The even- and odd-mode impedances Zs. and Zg,
in Fig. 11 are computed, applying Z, =Z, in Fig. 3(b),
(7) and (9) and the relations between o, Zo, Zs, ©s,
Yop, ©op, Z5e, Zso, Yoop and ©Ocop in Fig. 11 are de-
rived as
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_ . Sno
s~ "04ne, (10a)
C0SO¢ —CcosO
Yy, tan®,, =Yg —————
op ENBop =Y0 419 (10b)
s sn® C
Zoe=Zp————
sin®, 1-C (10c)
s sn® C
Zoo=Zo—7=
sne, 1+C (10d)
Y cosO, —CcosO
Yeop tN Oggp = —2 ( s J
sin® C (10e)

where Yo=%Z, and c is coupling coefficient.
When Zo=70.71 Q and ©=7/2 in Fig. 11(c), it is
equal to the 3/ A4 transmission-line section between

—— ©® —p
Z,01 07,

(@ A transmission-line section with © <7z

[ ©, |
Zy Zo
Zs
Yop YOP
®0p ®OP

(b) A conventional //-type of transmission-line equivalent
circuit with ©¢ <7/2

€ T+e —>
ZUG (7,) '02-:-

(c) A transmission-line section with electrical length more
than 7

[
0. >

i \ ZOE ZOG i &

) A modified //-type of transmission-line equivalent
circuit with ©¢ <7/2

cop

Fig. 11. Transmission-line sections and their equivalent
circuits.
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Table 4. Design data for small transmission lines.

O =60°, ©Ocop=30°
C [dB] -5 -7 -9
zs 104.9 65.9 449
zs 294 252 214
Zop 459 365 29

Table 5. Design data for small transmission lines.

C=-7dB, Ocp =30°
O, 40° 50° 60°
zs, 88.8 745 65.9
zs, 3397 285 25.2
Zeop 238 284 365

ports (D and @ of the conventional ring hybrid in Fig.
1(a). Based on the equations in (10) and (11), when Z,
=70.71 Q, ©=7/2, with ©cop=30° and ©.=60° fixed,
Z8, Z§, and Zeop are calculated as the coupling co-
efficients are varied and the calculation results are given
in Table 4. When Zo=70.71 Q, ©=7/2, with Ocop
=30° and C=—7 dB fixed, Zg , Zgo and Zeop are cal-
culated as the electrical lengths of ©s are varied and
the calculation results are written in Table 5. Based on
Tables IV and V, several small transmission-line sec-
tions in Fig. 11(d) are simulated and the simulation re-
sults are plotted in Fig. 12 where one can know that the
more coupling power gives more bandwidth but the
bandwidth is not strongly dependent on the electrical
length ©. when the coupling coefficient is fixed.

5-2 Compact Wideband Coupled-Line Ring Hybrids

Using the relations in Fig. 11, a compact wideband
coupled-line ring hybrid can be built as depicted in Fig.
13 where the following relations hold;

Y, tan©,; = 2Y,, tan O, (11a)
V218N 05 =Yg, tan Oy + g taN Oy (11b)

where Yi1=YZ and Y, =17,



[dB]

-15}

1.4

Frequency[ GHz]

(@) ©s is fixed at 60° and coupling coefficients are varied

5

[dB]

-15

Frequency[GHz]
(b) Coupling C is fixed a¢ —7 dB and O is varied

Fig. 12. Simulation results of small transmission-line
sections consisting of coupled lines.

®r2 ®rl

Fig. 13. Proposed compact wideband coupled-line ring
hybrid.

Compact and Wideband Coupled-Line 3-dB Ring Hybrids

The compact wideband coupled-line ring hybrids are
designed at a center frequency of 1 GHz using Table 6
and compared with a conventiona ring hybrid in Fig.
1(a). The compared simulation results are plotted in Fig.
14 where only power division frequency response is plo-
tted. In this case, the total transmission-line length of
the compact wideband coupled-line ring hybrids is 160°,
whereas that of the conventional one is 540°. From the
compared results of the power divisions, the proposed
compact ring hybrid shows wider bandwidth, in spite of
being more than three times smaller in size. The com-
pact ring hybrids are designed using the equations in
(20), (11) and (12) and three types of data with variable
O, are listed in Tables 6~8 where ©¢, 6,1 and ©r»
are fixed and coupling coefficient is varied from —5
dB to —11 dB.

Table 6. Design data of compact wideband coupled-
line ring hybrids for ©<=40°.

O =40°
Z.=110 Q, Z,1=3873 Q, ©,1=40°
C -5 dB —7 dB —9 dB —11 dB

Z5 | 1413 Q | 838 Q 605 Q 432 Q
Zg | 396 Q | 3397 Q 288 Q 242 Q
Zp, | 279 Q 239 Q 203 Q 170 Q

O, 40° 40° 40° 40°
-TdB
conventional

S

o ®©

6 08 1 12 14 08 1 12 14
Freq[GHz]

Fig. 14. Compared power division frequency respon-
SES.
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Table 7. Design data of compact wideband coupled-
line ring hybrids for ©.=50°.

95 =50°
Z:=923 Q, Z;1=655 Q, O =50°
C —5dB —7dB —9dB —11 dB

Z5, | 1186 Q | 745 Q | 508 Q | 362 Q

Z5 | 829 | 850 | 2420 | 20309

Z, 472 Q 405 Q 343 Q 288 Q

G 50° 50° 50° 50°

Table 8. Design data of compact wideband coupled-
line ring hybrids for ©¢ =60°.

O, =60°
Z,=816 Q, Z;1=593 Q , O, =40°
c —5dB —7dB -9 dB —11dB

75, | 1049 Q | 659 Q | 49 Q | 3200

7, | 2049 | 520 | 14Q | 1795 Q

Z, | 607 Q 520 Q 41 Q 370 Q

2% 50° 50° 50° 50°

5-3 Compact Coupled-Line Ring Hybrid Measurement

To test the compact ring hybrids, one microstrip ring
hybrid was fabricated on a substrate(H =0.76 mm and
& =3.4) as shown in Fig. 15 where port numbers are
indicated. Fabrication data are written in Table 9 where
the transmission-line section of ©s is fixed at 55° and
Z5 and Zg, are chosen as 64.21 Q and 25.8 2,
respectively.

The microstrip ring hybrid was tested a a center
frequency of 2 GHz and the measured and predicted
results are compared in Figs. 16 and 17 where measured
frequency response is expressed as solid lines and
dotted ones are prediction. When the power is excited
at port D in Fig. 15, the measured power division
response is compared with simulation ones in Fig. 16(a)
where the measured S and Sy show —3.34 dB and
—2.78 dB, respectively.

When the power is excited at port (), the power

874

Fig. 15. A fabricated microstrip ring hybrid.

Table 9. Fabrication data for a microstrip compact
wideband coupled-line ring hybrid.

O.=55°, Z. =863 Q, Z&=6421 Q, Z5 =258 Q,
(Z:1=864 Q,0,;=545°,
(Z:2=63.85 Q,0;,=60°
Z:=863 Q w=058 mm , /=145 mm
Z8=6421 e =1'085r2rg’.7g ;;3'8 mm
73 258 O Z,= 4316 @ —
W, =1.04 mm, ¢=13.8 mm
(Z41,041) w=0577 mm, ¢=14.32 mm
(Z2.6;2) w=108 mm, ¢=154 mm
50 Q w=1.687 mm

division characteristics are measured and plotted in Fig.
16(h) where measured S,3 and Sy at the design center
frequency of 2 GHz are —2.8 dB and —3.2 dB, res-
pectively. The measured matching performance is plo-
tted in Fig. 17(a) where the return loss is less than —15
dB in the frequency range of 1.66 GHz to 2.18 GHz.
In the proposed compact ring hybrids case,

‘522‘ = ‘533

Su| =[S,
Sis|=|S24| and the measured isolation is
aso compared in Fig. 17(b) where almost perfect iso-
lation is achieved in more than 20 % fractiona band-

width.

VL. Conclusions

In this paper, two types of wideband ring hybrids
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Fig. 16. Results measured and predicted are com-
pared.

(one is composed of a set of coupled-line sections and
another of a left-handed transmission-line section) were
discussed and compared. The compared results showed
the coupled-line ring hybrid was better than the left-
handed ring hybrid in every point.

However, the coupled-line ring hybrid had a realiza-
tion problem; perfect matching could be achieved only
with —3 dB coupling coefficient. To solve this probl-
em, a set of coupled-line sections with two shorts was
synthesized and design equations, with which the cou-
pled-line ring hybrids could be designed without any
restriction of coupling power, were derived. Based on
the derived design equations, modified /7-type of trans-
mission-line equivalent circuit was newly suggested.
The modified one was similar to the conventional one
but a set of coupled-line sections was replaced with a
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Fig. 17. Results measured and predicted are compared.

transmission-line section. Using the modified transmiss-
ion-line equivalent circuit, a 3 A/4 transmission-line sec-
tion of a conventionala ring hybrid could be reduced to
less than 7/2 and compact wideband coupled-line ring
hybrid was suggested using both modified and conven-
tional ones.

To verify the compact wideband coupled-line ring
hybrids, one with the total transmission-line length 160°
was compared with a conventiona ring hybrid and the
compared results showed that the bandwidth of the pro-
posed compact ring hybrid was much wider than that of
the conventional one, in spite of being three times sma-
ller in size.

Using the suggested transmission-line equivalent
circuit, al the passive components including the ring
hybrids can be reduced more. Using the proposed com-
pact wideband coupled-line ring hybrids, al the elec-
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trical equipments consisting of ring hybrids can be re-
duced.
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